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HIGHLIGHTS

« CHMP4C promotes pancreatic cancer
progression through inhibiting
necroptosis and serves as a prognostic
predictor for pancreatic cancer.

« CHMPAC interacts with YBX1 to
stabilize caspase-8 mRNA, and
inhibits the RIPK1/RIPK3/MLKL
pathway.

« CHMP4C mediates the excretion of p-
MLKL via extracellular vesicles.
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ABSTRACT

Introduction: Pancreatic cancer (PC) cannot currently be completely cured and has a poor prognosis.
Necroptosis is a distinct form of regulated cell death that differs from both necrosis and apoptosis.
Understanding the role of necroptosis during PC progression would open new avenues for targeted ther-
apy.

Objectives: The purpose of this study is to examine the impact of necroptosis on the progression of PC and
related mechanisms.

Methods: RNA sequencing was performed to identify necroptosis-related genes that are differentially
expressed in PC tissues. The biological functions of CHMP4C and its necroptosis effects were determined
in vitro and in vivo. RNA immunoprecipitation, MeRIP-qPCR, Co-immunoprecipitation assays were con-
ducted to evaluate the interaction among CHMP4C, YBX1 and caspase-8 mRNA. Extracellular vesicles
were isolated using the differential ultracentrifugation method. The expression of CHMP4C, p-MLKL
and CD117 were detected on a PC tissue microarray using multiplex immunofluorescence staining.
Results: CHMPA4C was significantly overexpressed in PC cells and tissues. It promoted cell growth and
suppressed necroptosis of PC cells in both in vivo and in vitro settings. Mechanistically, CHMP4C inter-
acted with YBX1 to mediate m°C modification of caspase-8 mRNA, resulting in increased caspase-8
expression and inhibition of RIPK1/RIPK3/MLKL pathway phosphorylation. Furthermore, CHMP4C
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promoted extracellular exocytosis of p-MLKL to further suppress necroptosis. Additionally, PC cells used
CHMPAC within extracellular vesicles to recruit and stimulate mast cells (MCs), which in turn promoted
PC cell proliferation. In PC tissues, the expression of CHMP4C showed a negative correlation with p-MLKL
and a positive association with CD117. High expression levels of CHMPA4C in patients were associated
with poorer overall survival outcomes.

Conclusions: CHMPA4C promotes PC progression by inhibiting necroptosis, which has potential as a bio-
marker and therapeutic target in PC.

© 2025 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Pancreatic cancer (PC) ranks as the third most common cause of
cancer-related deaths globally, with a five-year survival rate less of
than 10 % [1,2]. Early-stage PC is often undiagnosed until it has
advanced, with up to 85 % of patients experiencing recurrences
after surgery, resulting in a poor prognosis [3,4]|. Modified FOLFIR-
INOX (fluorouracil, oxaliplatin, irinotecan, and leucovorin) is a rec-
ommended postoperative chemotherapy treatment that improves
survival in advanced PC by inducing apoptosis [5]. However,
chemoresistance resulting from tumor cells evading apoptosis
remains a major issue, necessitating new therapeutic strategies
[6]. Implementing cancer therapies that target alternative forms
of cell death beyond apoptosis presents a promising avenue for
overcoming chemoresistance.

Necroptosis is programmed necrosis, a specific form of pro-
grammed cell death that differs from both apoptosis and necrosis
[7]. During necroptosis, the phosphorylation of signaling pathway
involving receptor interacting protein kinase 1 and 3 (RIPK1 and
RIPK3) activates the mixed lineage kinase domain-like (MLKL)
kinase, resulting in cell swelling and rupture of the membrane
[8]. An increasing number of research have reported that necropto-
sis plays a significant role in the occurrence and progression of var-
ious malignancies, such as PC [9,10]. For example, Zhao and
colleagues [11] identified that the pyridazinone compound
IMB5036 enhanced the level of phosphorylated RIPK1, RIPK3, and
MLKL in PC cells, leading to necroptosis and suppression of tumor
cell proliferation. Moreover, necroptosis can trigger the secretion
of SAP130 from PC cells, which interacts with its receptor Mincle
to create an immunosuppressive tumor microenvironment,
thereby facilitating PC progression [12]. Two studies have demon-
strated that PC patients with high-risk scores defined by
necroptosis-related prognostic models had poor survivals [13,14].
However, the mechanisms regulating necroptosis in PC remain
inadequately understood.

Extracellular vesicles (EVs) are secreted into the extracellular
environment after multivesicular bodies (MVBs) fuse with the
plasma membrane and are released by various cell types [15]. EVs
can contain a diverse array of biomolecules, such as proteins, lipids
and genetic material [16]. Tumor cells have the ability to actively
release toxic proteins and tumor suppressors through EVs, resulting
in maintained cellular balance and the support of cancer develop-
ment [17]. Yoon et al. [18] demonstrated that RIPK3 promotes the
release of EVs containing p-MLKL and the endosomal sorting com-
plex required for transport (ESCRT), which antagonizes p-MLKL-
mediated necroptosis. Similarly, the exocytosis of p-MLKL via EVs
was reported to reduce necroptosis induction by PCB29-pQ [19].
Consequently, EVs are implicated in the modulation of necroptosis.

Chromatin Modification Protein 4C (CHMP4C) belongs to the
charged multivesicular body protein family and participates in
the assembly of ESCRT-III, which is crucial for endosomal traffick-
ing and mitosis [20]. Recent studies have reported that CHMP4C
was implicated in the regulation of some cancers progression and
chemoresistance [21-23]. Specifically, p53-mediated upregulation
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of CHMPA4C is necessary for increased EVs release, and inhibiting
CHMPAC reduced EVs release in lung cancer cells [24]. Our previ-
ous study observed that CHMP4C, a component of a necroptosis-
related prognostic signature, was significantly elevated in both
tumor tissues and serum EVs of PC patients. However, until now,
the role of CHMPA4C in PC and its impact on necroptosis have not
been studied.

This study systematically examined the involvement of
CHMPA4C in the tumorigenesis and progression of PC. Our findings
reveal an increase in CHMP4C expression in PC tissues, which facil-
itated the growth of PC cells. Furthermore, CHMP4C suppressed
necroptosis in PC cells by inhibiting the phosphorylation of the
RIPK1/RIPK3/MLKL signaling pathway and promoting the extracel-
lular secretion of p-MLKL. The upregulation of CHMP4C is indica-
tive of PC advancement and may act as a promising therapeutic
target and biomarker for PC.

Materials and methods
Cell culture and treatment

The human normal pancreatic ductal epithelial cell line
(HPDE6-C7), PC cell lines (PANC-1 and BxPC3), and the human
mast cell line (HMC-1) were purchased from the Type Culture Col-
lection of the Chinese Academy of Sciences. All cells were main-
tained in DMEM (Gibco-BRL) medium supplemented with 10 %
fetal bovine serum (FBS, Gibco) and 1 % penicillin or strepto-
mycin (Gibco). All cell lines were grown at 37 °Cina 5 % CO, cell
culture incubator. The conditioned medium (CM) of HMC-1 cells
was collected and diluted to 1/3 with DMEM medium prior to its
utilization [25]. The necroptosis inducers employed in this study
include TNFo, Smac mimics, and zVAD-FMK (TSZ, C1058S, Bey-
otime). The inhibitors used in this study are Necrostatin-1 (Nec-
1, S8037, Selleck Chemicals), an inhibitor of necroptosis;
Ferrostatin-1 (S7243, Selleck Chemicals), an inhibitor of ferropto-
sis; and Chloroquine (56999, Selleck Chemicals), an inhibitor of
autophagy.

RNA sequencing

All tissues samples were collected from PC patients hospitalized
in Qilu Hospital of Shandong University. Total RNAs were extracted
using traditional Trizol method. Sequencing libraries were con-
structed using VAHTS Universal V8 RNA-seq Library Prep Kit for
[llumina (Vazyme, Nanjing, China) as previously described [26].
High-throughput sequencing was conducted using a NovaSeq
6000 sequencer (Illumina, San Diego, CA, USA) and the sequencing
data were uploaded to the CNSA database (https://db.cngb.org/
cnsa, accession number CNP0006218).

Cell transfection

The lentiviruses for CHMP4C overexpression (OE-CHMP4C) and
knockdown (Sh-CHMP4C) were designed by OBIO (Shanghai,
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China) and transfected into PANC-1 and BxPC3 cells. The screening
of stably transfected cell lines was conducted using 5 pg/ml puro-
mycin. SiRNAs targeting YBX1 and plasmid for YBX1 were con-
structed by Genepharma (Shanghai, China), and transiently
transfected into PANC-1 and BxPC3 cells using the Lipofectamine
3000 kit (Invitrogen, USA). The sequences targeted by shRNAs
and siRNAs are provided in Supplemental Table 1.

RT-qPCR

Total RNA was extracted from HPDE6-C7, PC and HMC-1 cell
lines using TRIzol reagent (Vazyme) following the instructions.
RNA was reverse transcribed into cDNA using the HiScript III 1st-
Strand cDNA Synthesis Kit (Vazyme), and then amplified using
the QuantiTect SYBR Green PCR Kit (Vazyme) in a QuantStudio 5
Flex Real-Time PCR System (Thermo Fisher Scientific, USA) [27].
The relative expression was determined by the 2722¢T method,
with GAPDH serving as the internal control gene. The PCR primers
using for each mRNA were designed by BioSune Biotechnology
(Shanghai, China) and are presented in Supplemental Table 2.

Cell Counting Kit-8 (CCK8) assay and colony formation assay

For the CCK8 assay, stably transfected PANC-1 or BxPC3 cells
were plated into 96-well plates at the density of 3 x 10 cells
per well and allowed to proliferate for 0, 1, 2, 3, and 4 days, before
10 pL of the CCK-8 reagent (Abbkine, Wuhan, China) was added per
well prior to incubation for 2 h at 37 °C. The absorbance at 450 nm
was recorded using a Bio-Rad microplate reader (USA). For the col-
ony formation assay, 1 x 10> stably transfected PANC-1 or BxPC3
cells were plated into six-well plates and incubated for two weeks
at 37 °C with 5 % CO,. Colonies were fixed with 4 % paraformalde-
hyde, stained using a 0.1 % crystal violet solution, and subsequently
photographed and counted.

Migration assay

Twenty-four-well plates with uncoated transwell inserts (Corn-
ing, USA) were utilized to perform the MCs migration assay.
Therein, 700 pl of DMEM medium with 10 % FBS or CM of stably
transfected PANC-1 cells were added to each lower chamber, and
1 x 10° HMC-1 cells were added to each upper chamber.
Twenty-four hours later, the inserts were treated with 4 %
paraformaldehyde for fixation and subsequently stained with crys-
tal violet. Migrated cells were photographed by an inverted optical
microscope (Olympus, Japan) and counted using Image ] software
(version 1.54).

Mouse xenograft model

Stably transfected PANC-1 cells were injected subcutaneously
into the armpit region of four-week-old male BALB/c nude mice.
Each group contained six mice. After 1 week, mice were injected
subcutaneously with Nec-1 (1.65 mg/Kg), and controls were
injected with an equal amount of DMSO, 3 times per week [28].
Tumors were assessed every three days, and their volumes were
calculated using the equation: volume = 0.52 x length x width?
[29]. After approximately 24 days, the nude mice were culled
and subcutaneous xenografts were obtained.

Immunohistochemistry (IHC)

The tumor tissues were preserved in paraformaldehyde and
subsequently embedded in paraffin. Endogenous peroxidase activ-
ity was inactivated by the addition of 3 % hydrogen peroxide. The
sections were incubated overnight at 4 °C after being blocked with
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10 % goat serum and treated with primary antibodies. The sections
were incubated at room temperature for one hour with a horserad-
ish peroxidase-conjugated secondary antibody. The activities were
detected using a DAB kit (Solarbio, Beijing, China), and the nuclei
were counterstained with hematoxylin. Primary antibodies uti-
lized in the study included anti-CHMP4C (1:200, DF15365, Affin-
ity), anti-Ki67 (1:200, ab15580, Abcam) and anti-p-MLKL (1:250,
ab187091, Abcam).

Characterization of necroptosis

PANC-1 and BxPC3 cells were cultured in 6-well plates until
50 % to 60 % confluent, at which point they were treated using dis-
tinct methods. Samples were collected after 0.25 % trypsin without
EDTA treatment and washed twice with PBS. Staining was con-
ducted for 15 min at 37 °C in the dark using Annexin V-FITC and
PI apoptosis detection kits (Vazyme, China) according to the
instructions. Next, the cells were measured on a FACScan flow
cytometer (Becton Dickinson, USA). The data were analyzed using
Flow]O software (Tree Star, USA). Furthermore, the cells were
stained with Hoechst33342/PI double staining kit (Bestbio, Shang-
hai, China) for 15 min at 37 °C in the dark as the manufacturer’s
guidelines. A fluorescence microscope (Olympus, Japan) was used
to observe the fluorescence of experimental cells in each group.
Ultrastructural changes in necroptotic cells were examined using
transmission electron microscopy (TEM).

Western blotting assay

Proteins were extracted from PANC-1, BxPC3 and HMC-1 cells,
using RIPA lysis buffer (Beyotime, China), and protein concentra-
tions were determined using the BCA Protein Quantification Kit
(Abbkine, China). Proteins were subjected to separation via 10 %
SDS-PAGE, followed by transfer onto PVDF membranes. The mem-
branes were incubated in a blocking solution of 5 % skim milk for
1 h, followed by an overnight incubation with primary antibodies
at 4 °C, and then treated with HRP-conjugated secondary antibod-
ies at room temperature for 1 h. The antibodies used were as fol-
lows: anti-CHMP4C (1:1000, DF15365, Affinity), anti-RIPK1
(1:1000, ab300617, Abcam), anti-MLKL (1:1000, ab184718, ABclo-
nal), anti-p-RIPK1 (1:1000, ab316923, ABclonal), anti-p-RIPK3
(1:1000, ab255705, ABclonal), anti-p-MLKL (1:1000, ab187091,
Abcam), anti-caspase-8 (1:1000, A0215, ABclonal), anti-IL-6
(1:1000, ab233706, Abcam), anti-CCL2 (1:1000, A23288, ABclonal),
anti-SCF (1:1000, A5672, ABclonal), anti-VEGFA (1:1000, ab46154,
Abcam), anti-RIPK3 (1:1000, ab316957, ABclonal), anti-TGF-B
(1:1000, ab215715, Abcam), anti-Alix (1:1000, ab275377, Abcam),
anti-CCL5 (1:1000, A5630, ABclonal), anti-TSG101 (1:1000,
ab125011, Abcam), anti-IL-8 (1:1000, ab289967, Abcam), anti-
CD63 (1:1000, ab134045, Abcam), anti-YBX1 (1:1000, ET1609-10,
HuaBio), and anti-Calnexin (1:1000, ab22595, Abcam).

RNA half-life assay

PANC-1 and BxPC3 cells that were stably transfected were pla-
ted in 12-well plates. When the degree of fusion reached 70-80 %,
5 pg/ml actinomycin D (Aladdin, China) was added, and cell sam-
ples were collected at 0, 1, 2, 3, 4, and 5 h post-treatment. Total
RNA was isolated using RNA-easy Isolation Reagent (Vazyme,
China) and subjected to RT-qPCR analysis.

RNA immunoprecipitation (RIP) and MeRIP-qPCR assay
The RIP assay was performed on PANC-1 and BxPC3 cells by an

RNA Immunoprecipitation Kit (Geneseed Biotech, Guangzhou,
China) as preciously described [30]. A mixture containing RNA
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and protein was obtained and incubated with anti-CHMP4C, anti-
YBX1, and anti-IgG antibodies along with magnetic beads. RNA
was then isolated using an adsorption column and analyzed via
RT-qPCR. MeRIP assays were conducted with an m>C MeRIP Kit
(BersinBio, Guangzhou, China) as preciously described [31]. Cellu-
lar RNA was extracted and the RNA sample was fragmented into
approximately 100 nt fragments. Immunoprecipitation was per-
formed by the addition of 4 g of IgG or m>C antibody at 4 °C. Sub-
sequently, protein A/G magnetic beads were utilized to bind the
antibody. After washing the magnetic beads, the precipitated
RNA was eluted for RT-qPCR analysis.

Co-immunoprecipitation (CO-IP) assay

Co-IP assays were conducted on PANC-1 cells using the Univer-
sal IP/Co-IP Toolkit (Abbkine, Wuhan, China) as preciously
described [32]. The mixture of magnetic beads and antibody was
mixed at 37 °C for 30 min. Then, the collected cell lysates were
added to magnetic beads and mixed overnight at 4 °C to form
immunoprecipitated protein complexes. The magnetic bead com-
plexes were washed with lysis buffer and then the bound proteins
were subsequently eluted for further analysis through western
blotting and mass spectrometry (MS) identification.

Evs isolation and phagocytosis assays

Evs were obtained from PANC-1 cell-conditioned medium
through differential ultracentrifugation as previously described
[33]. Evs were imaged by TEM and their size were analyzed by
nanoparticle tracking analysis (NTA). The presence of EV biomark-
ers (Alix, TSG101, and CD63) was assessed using western blotting.
To monitor Evs trafficking, Evs were labeled using a PKH67 Red
Fluorescent Cell Linker Kit (Solarbio, Beijing, China).

Multiplex immunofluorescence staining of tissue microarray

Tissue microarrays consisting of formalin-fixed, paraffin-
embedded sections from pancreatic ductal adenocarcinoma
(PAAD) tissues were obtained from Shanghai Outdo Biotech
(Superchip, China). Multiplex immunohistochemistry was con-
ducted through multiple staining rounds, starting with a protein
block using 1 % BSA, followed by incubation with primary antibod-
ies and corresponding horseradish peroxidase-conjugated sec-
ondary antibodies targeting mouse or rabbit immunoglobulins
(Akoya Biosciences). Subsequently, the slides underwent incuba-
tion with different Opal fluorophores (1:100), prepared in
1 x Plus Amplification Diluent (Akoya Biosciences). The following
primary antibodies were employed: anti-CD117 (1:250,
ab283653, Abcam), anti-p-MLKL (1:200, ab187091, Abcam), and
anti-CHMP4C (1:200, DF15365, Affinity). The slides were stained
with spectral DAPI (Akoya Biosciences) for nuclear visualization
and mounted using Anti-fade fluorescence mounting medium
(ab104135, Abcam). Images were scanned using a slide scanner
(PANNORAMIC SCAN II Imaging System). Cell segmentation was
performed using an algorithm based on DAPI staining of cell nuclei.
Intensity of cellular fluorescent staining for each marker was mea-
sured using QuPath V.0.4.3 (Queen’s University). The clinical sam-
ples and corresponding data utilized in this research were
approved by the Shanghai Outdo Biotech Company’s Ethics
Committee.

Bioinformatics analysis
The gene expression profiles for PAAD samples and paired nor-

mal tissues from TCGA and GTEx databases were obtained from
GEPIA2 (https://gepia2.cancer-pku.cn/). Additional PAAD datasets
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were retrieved from publicly accessible GEO databases, includ-
ing GSE183795 and GSE85916. The Gene Set Enrichment Analysis
(GSEA) was conducted on the normalized data using the
GSEA_4.3.0 software.

Statistical analysis

To evaluate the data distribution from in vitro and in vivo exper-
iments, the Kolmogorov-Smirnov test was utilized. In cases where
the distribution was normal, the student’s t-test was conducted for
two-group comparisons, and one-way ANOVA was used for
comparisons among multiple groups. Otherwise, we used the
Mann-Whitney U test for two-group comparisons and the
Kruskal-Wallis test for multiple-group comparisons. Additional
post-hoc multiple group comparisons were conducted using
Dunn’s Test. The figure legends provide further details on the
specific tests employed. Relationship between CHMP4C expres-
sions and clinicopathological parameters was estimated by ¥ 2 test.
Correlations between CHMP4C and caspase-8, p-MLKL, or CD117
were calculated using Pearson’s analysis. Overall survival (OS)
was evaluated using the Kaplan-Meier method in conjunction with
the log-rank test. Statistical analysis were conducted by IBM SPSS
Statistics (version 26), GraphPad Prism (version 8.0) software or
RStudio (version 4.2.1), and p-value of less than 0.05 was consid-
ered to be statistically significant.

Results
CHMPAC is upregulated in PC tissues and facilitates tumorigenesis

To analyze the differentially expressed genes in PC, RNA
sequencing was conducted on five pairs of PC tissues and adjacent
normal tissues. A total of 2872 mRNAs were identified (|Log2FC| >
1, P. adj < 0.05), including 1597 upregulated and 1275 downregu-
lated (Fig. 1A). Based on these genes, KEGG analysis revealed
necroptosis was one of the most significant pathways (Fig. 1B
and Supplemental Table 3). Furthermore, Heatmap showed PC tis-
sues were well distinguished from adjacent normal tissues based
on 39 differentially expressed necroptosis-associated genes
(Fig. 1C). Among them, CHMP4C was identified as being signifi-
cantly overexpressed in PAAD tissues from external databases,
such as TCGA and GSE21501 datasets (Supplemental Fig. S1A
and B). RT-qPCR and western blotting assays confirmed the levels
of CHMP4C were increased in the above five tumor tissues (Fig. 1D
and E).

Compared to normal pancreatic ductal epithelial cell line
(HPDEG6-C7), CHMP4C was also more highly expressed in PC cells
(PANC-1 and BxPC3) (Fig. 1F). Subsequently, we established
CHMPAC silenced or overexpressed cell lines by lentiviral transfec-
tion (Supplemental Fig. S1C and D). As shown in Fig. 1G and H,
overexpression of CHMP4C promoted the proliferation of PC cells,
while CHMP4C knockdown inhibited their growth, as revealed by
CCK8 and clone formation assays.

CHMPAC inhibits necroptosis of PC cells in vitro

To investigate whether CHMPA4C is a regulator of necroptosis,
TSZ was employed to induce necroptosis in PC cells. The data
showed that the upregulation of CHMP4C inhibited TSZ-induced
cell death in PANC-1 and BxPC3 cells, while CHMP4C depletion
resulted in the opposite effect (Fig. 2A). Observation by TEM
revealed that the morphology of cells overexpressing CHMP4C
was not significantly altered after TSZ treatment, while TSZ treated
control cells underwent obvious necroptotic morphological
changes, such as swelling of nuclei, disruption of cell membrane
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Fig. 1. CHMPA4C is upregulated in PC and facilitates tumorigenesis. (A) A volcano plot showing the differentially expressed genes in PC tissues. (B) KEGG pathway
enrichment analysis of PC tissue compared with adjacent normal tissue. (C) Heatmap showing differential expression of necroptosis-related genes between PC tissue and
adjacent normal tissue. (D, E) The mRNA and protein level of CHMPA4C in 5 paired PAAD tissues and adjacent non-tumor tissues (paired Student ¢ test). (F) Expression levels of
CHMP4C mRNA and protein in HPDE6-C7, PANC-1 and BxPC3 cell lines (one-way ANOVA). (G, H) CCK8 (G) and colony formation assays (H) reaveled the effects of CHMP4C on
PANC-1 or BXPC3 cell proliferation (one-way ANOVA). *P < 0.05; **P < 0.01; ***P < 0.001. Data are presented as mean = SD.

integrity, and swelling of mitochondria (Fig. 2B). Flow cytometry
and Hoechst 33342 /PI double staining results showed a significant
reduction in the proportion of Pl-positive cells in the overexpres-
sion group compared to the control group, and both groups exhib-
ited more obvious differences after TSZ treatment (Fig. 2C and D).
Western blotting analysis revealed that overexpression of CHMP4C
significantly decreased the level of phosphorylation of proteins of
the RIPK1-RIPK3-MLKL pathway, whereas knockdown of CHMP4C
promoted their phosphorylation (Fig. 2E).

To further validate the above hypothesis, we administered the
necroptosis inhibitor Nec-1 to CHMP4C knockdown cells. In
CHMP4C-knockdown PC cells, treatment with Nec-1 increased pro-
liferative viability and clone formation (Fig. 3A, B and Supplemen-
tal Fig. S2A). TEM results showed that Nec-1 alleviated the altered
cell morphology caused by CHMP4C knockdown (Fig. 3C). The
increased necroptosis sensitivity in CHMP4C-knockdown PC cells
was reversed by necroptosis inhibitor (Nec-1), but not by the fer-
roptosis inhibitor (ferrostatin-1) or autophagy inhibitor (chloro-
quine) (Fig. 3D). As such, it suggested that the increased
sensitivity to cell death in CHMP4C-knockdown cells is a result
of necroptosis. Furthermore, the increased proportion of PI-
positive cells was rescued by Nec-1 (Fig. 3E and F, Supplemental
Fig. S2B and C). Western blotting analysis revealed that the levels
of phosphorylation of RIPK1, RIPK3, and MLKL were significantly
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decreased in PANC-1 and BxPC3 cells after Nec-1 treatment
(Fig. 3G). These results indicate that CHMP4C promoted PC pro-
gression by inhibiting the RIPK1-RIPK3-MLKL necroptotic signaling
axis.

CHMPAC promotes the growth of pancreatic xenografted tumors and
inhibits necroptosis in vivo

To further investigate the hypothesis that CHMP4C promotes PC
progression by inhibiting necroptosis, in vivo PANC-1-derived
xenograft mouse models were constructed. We observed that over-
expression of CHMP4C in PANC-1 cells significantly promoted
xenograft tumor growth compared to controls. The weight of the
xenograft tumors excised from the overexpression group was sig-
nificantly higher (Fig. 4A). In contrast, knockdown of CHMPAC sig-
nificantly inhibited the growth and weight of xenograft tumors
(Fig. 4B). Furthermore, subcutaneous injection of Nec-1
significantly alleviated the inhibitory effect of CHMP4C downregu-
lation on tumor growth (Fig. 4C). We further extracted proteins
from three tumors in each group and found that upregulation of
CHMPAC inhibited the phosphorylation of proteins in the RIPK1-
RIPK3-MLKL pathway (Fig. 4D). Furthermore, the phosphorylation
levels of RIPK1, RIPK3 and MLKL proteins were elevated in the
knockdown group compared to the control group (Fig. 4E), which
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phosphorylated proteins in indicated cells were detected by western blotting. *P < 0.05; **P < 0.01; ***P < 0.001. one-way ANOVA, Data are presented as mean + SD.

is consistent with our previous in vitro observations. Moreover,
Nec-1 reversed the elevated levels of RIPK1, RIPK3 and MLKL phos-
phorylation induced by CHMP4C knockdown (Fig. 4F). IHC analysis
revealed that CHMP4C downregulation significantly suppressed
the level of the tumor proliferation marker Ki67, but increased
the expression of p-MLKL (Fig. 4G). Taken together, these findings
demonstrate in vivo the inhibitory effect of CHMP4C on the RIPK1-
RIPK3-MLKL signaling axis that resulted in promotion of PC growth
in a xenograft tumor model.

CHMPA4C interacts with YBX1 to regulate caspase-8 stabilization in PC
cells

It is widely reported that caspase-8 serves as an endogenous
inhibitor to block necroptosis through cleaving RIPK1 or inhibiting
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RIPK1 and RIPK3 phosphorylation [34,35]. To better understand
the mechanism by which CHMP4C modulates the phosphorylation
of RIPK1, RIPK3, and MLKL proteins, we further investigated the
effects of CHMPC4 on caspase-8. A positive correlation between
CHMPAC and caspase-8 in PAAD tissues was observed in correla-
tion analysis using GEPIA2 (Fig. 5A). Overexpression of CHMPC4
increased caspase-8 mRNA and protein levels, while knockdown
of CHMPC4 had the opposite effect (Fig. 5B, C and Supplemental
Fig. S3A). RIP assays with CHMP4C antibodies showed that
CHMPA4C could bind to caspase-8 mRNA (Fig. 5D and Supplemen-
tal Fig. S3B). Given that CHMPAC is mainly localized in the cyto-
plasm, we further investigated whether CHMP4C regulates
caspase-8 expression by affecting the stability of its mRNA. Actino-
mycin D assays revealed that the stability of caspase-8 mRNA was
significantly reduced upon CHMPA4C silencing (Fig. 5E and Supple-
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Fig. 5. CHMP4C interacts with YBX1 to regulate caspase-8 stabilization in PC cells. (A) Correlation analysis revealed a positive relationship between CHMP4C and caspase-
8 mRNA levels (Pearson’s analysis). (B, C) RT-qPCR and western blotting analysis showed the effect of CHMP4C on caspase-8 (Mann-Whitney U test and Kruskal-Wallis test).
(D) RIP assays showed that CHMPA4C could bind to caspase-8 mRNA in PANC-1 cells. (E) RNA stability analysis showed that the half-life of caspase-8 mRNA was shortened in
CHMP4C knockdown PANC-1 cells compared to control cells (Kruskal-Wallis test). (F) The proteins co-immunoprecipitated from CHMP4C-overexpressing PANC-1 cells were
separated by SDS-PAGE, followed by silver staining to visualize the protein bands on the gel. (G) IP assays showed interactions between Flag-CHMP4C and YBX1 in CHMP4C-
overexpressing PANC-1 cells. (H) IF staining showed that CHMP4C was colocalized with YBX1 in PANC-1 and BxPC3 cells. (I, J) Western blotting analysis and RT-qPCR results
showed the effect of CHMP4C on YBX1 expression (Mann-Whitney U test and Kruskal-Wallis test). (K, L) RT-qPCR and western blotting analysis showed the effect of YBX1 on
caspase-8 (Mann-Whitney U test and Kruskal-Wallis test). (M) RIP assays showed that YBX1 could bind to caspase-8 mRNA in PANC-1 cells (Mann-Whitney U test). (N)
MeRIP-qPCR revealed the relative m>C modification levels of caspase-8 mRNA after knockdown of YBX1 (Kruskal-Wallis test). (O) Significant reduction of YBX1 binding to
caspase-8 when CHMP4C was silenced in PANC-1 cells (Kruskal-Wallis test). (P) Effect of YBX1 knockdown on caspase-8 mRNA half-life in PANC-1 cells by RNA stability
analysis (Kruskal-Wallis test). (Q, R) Knockdown of YBX1 reduced elevated caspase-8 mRNA and protein levels induced by CHMPA4C upregulation in PANC-1 cells (Kruskal-
Wallis test). *P < 0.05; **P < 0.01; ***P < 0.001. Data are presented as mean * SD.
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mental Fig. S3C). To investigate the potential mechanism of
caspase-8 regulation by CHMP4C, CO-IP and MS analysis were con-
ducted to identify interacting proteins associated with CHMP4C.
The results of silver staining showed differential imprints when
comparing IP-Flag and IgG groups (Fig. 5F). Among the differential
proteins by MS analysis (Supplemental Table 4), Y-box binding
protein 1 (YBX1) is a cold shock protein that can bind to RNA, is
mainly localized in the cytoplasm, and regulates the stability of
RNA by 5-methylcytosine (m>C) modification [36,37]. Co-IP further
identified that YBX1 interacted with Flag-tagged CHMP4C (Fig. 5G
and Supplemental Fig. S3D) and their co-localization was demon-
strated through confocal fluorescence microscopy (Fig. 5H). Fur-
ther validation by western blotting and RT-qPCR revealed that
YBX1 levels remained unchanged in the CHMPC4 upregulated PC
cells and that knockdown of CHMPC4 did not affect YBX1 mRNA
and protein expression, suggesting that YBX1 is a binding chaper-
one for CHMPC4 rather than a downstream target (Fig. 51, J and
Supplemental Fig. S3E). In addition, the pattern of CHMP4C and
YBX1 protein docking and the amino acid residues involved in
putative binding were predicted using Alpha Fold3 and Pymol soft-
ware (Supplemental Fig. S3F). Then, we transfected a YBX1 plas-
mid or siRNA into PC cells. Western blotting and RT-qPCR were
used to detect transfection efficiency (Supplemental Fig. S4A
and B). Based on analysis of the TCGA and GTEx databases, YBX1
had a positive correlation with caspase-8 mRNA expression in PC
(Supplemental Fig. S4C). Consistent with our hypothesis, we
observed that upregulation of YBX1 resulted in increased
caspase-8 mRNA and protein levels. In contrast, silencing of YBX1
inhibited caspase-8 expression, leading to increased phosphoryla-
tion levels of the RIPK1/RIPK3/MLKL pathway, which further sug-
gested that CHMPC4 and YBX1 interact synergistically (Fig. 5K, L,
Supplemental Fig. S4D and E). RIP assays further indicated that
YBX1 bound to caspase-8 mRNA (Fig. 5M). Subsequent experi-
ments explored whether caspase-8 was regulated by the
CHMP4C/YBX1 complex in a m°C-dependent manner. MeRIP
assays using m°C antibodies revealed that YBX1 and CHMP4C
knockdown resulted in significant down-regulation of caspase-8
mRNA m°C modification in PC cells (Fig. 5N and Supplemental
Fig. S4F). Furthermore, silencing of CHMPA4C significantly reduced
the binding of YBX1 protein to caspase-8 mRNA (Fig. 50 and Sup-
plemental Fig. S4G). Further investigation revealed that YBX1
depletion reduced the half-life of caspase-8 mRNA in PC cells
(Fig. 5P and Supplemental Fig. S4H). In addition, silencing YBX1
led to the reduction of caspase-8 mRNA and protein in CHMP4C-
overexpressing PANC-1 and BxPC3 cells (Fig. 5Q, R, Supplemental
Fig. S41 and J), suggesting that YBX1 is required for CHMP4C-
mediated caspase-8 mRNA stabilization. Collectively, these data
suggest that CHMP4C upregulates the expression of caspase-8 by
increasing the stability of caspase-8 mRNA in a YBX1-dependent
manner in PC cells.

CHMPAC increases extracellular exocytosis of p-MLKL to inhibit
necroptosis of PC cells

Given that CHMP4C is one of the ESCRT-III complexes, we
explored whether CHMPA4C affects PC cell EVs secretion. GSEA per-
formed using the PAAD gene pool in the TCGA database revealed
that genes regulated by high CHMP4C expression were primarily
concentrated in the late endosome to vacuole transport and multi-
vesicular body sorting pathway (Supplemental Fig. S5A). Further-
more, we purified EVs from cell culture supernatants of PC cells
and their morphological characteristics are illustrated in Fig. 6A.
NTA analysis further confirmed an average particle size of approx-
imately 102.7 and 121.8 nm, and that the number of EVs was sig-
nificantly increased in the CHMP4C overexpression group (Fig. 6B).
To determine whether CHMP4C expression was different in the EVs
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derived from stably transfected PANC-1 cells, we conducted a
western blot analysis. As expected, the levels of CHMPA4C and the
classical EVs markers CD63, Alix and TSG101 were higher in EVs
derived from PANC-1 cells overexpressing CHMP4C compared to
controls. Meanwhile, the knockdown group exhibited the opposite
result and no detectable expression of the negative EVs marker cal-
nexin (Fig. 6C). We further identified that p-MLKL and MLKL
expression were elevated in EVs derived from PANC-1 cells overex-
pressing CHMP4C (OE-EVs) relative to controls (Ctrl-EVs), which
was attenuated by treatment with exosome inhibitor GW4869
(Fig. 6D). Following treatment with GW4869, there was a notable
increase in the levels of both intracellular MLKL and p-MLKL
(Fig. 6E). In addition, GW4869 pretreatment sensitized PC cells to
TSZ-induced necroptosis compared to the DMSO-treated group
(Fig. 6F, G and Supplemental Fig. S5B), which suggested that
CHMPA4C may further enhance its negative regulation of necropto-
sis by mediating the efflux of p-MLKL through EVs. In summary,
CHMP4C may mediate the extracellular release of p-MLKL via
EVs to inhibit PC cells necroptosis.

CHMP4C within EVs mediated intercellular communication
contributes to PC progression

To explore the role of EVs-packaged CHMP4C within the tumor
microenvironment, conducted an in-depth analysis of single cell
data on the GSE111672 dataset and identified that the expression
of CHMP4C was primarily observed in tumor cells, pancreatic duc-
tal cells, Tprolif, and MCs (Supplemental Fig. S6A). As an vital part
of the tumor microenvironment, MCs contribute to promoting
tumor growth by releasing a variety of inflammatory mediators
[38]. The initial objective was to analyze the effect of CM from
PCs on the migration of MCs. As shown in Fig. 7A, CM of PANC-1
cells overexpressing CHMP4C significantly promoted the chemo-
tactic migration of HMC-1. Western blotting and RT-qPCR results
further verified that CHMP4C overexpression was significantly
associated with elevated mRNA and protein levels of CCL2, CCL5,
and SCF, while knockdown of CHMP4C inhibited their expression
(Fig. 7B and C). These results suggest that CHMP4C may promote
HMC-1 recruitment through the secretion of specific chemokines
by PC tumor cells. Based on these findings, we postulate that inter-
cellular communication between PC cells and mast cells play a cru-
cial role in the malignant progression of PC.

To explore the function of EVs-packaged CHMP4C in cellular
communication, we tracked the internalization of pkh67-labeled
EVs by HMC-1 (Fig. 7D). Following the uptake of EVs by HMC-1
cells, an increase in CHMP4C protein levels was observed
(Fig. 7E). To determine whether EVs-packaged CHMP4C regulated
PC progression in an MC-dependent manner, the levels of specific
cytokines in HMC-1 supernatants were assessed in the presence
of PC-EVs. The results of RT-qPCR, ELISA and western blotting
assays revealed that VEGFA, IL-6, TGF-B and IL-8 were all signifi-
cantly elevated in the supernatant of HMC-1 treated with OE-EVs
compared to Ctrl-EVs and the control group (Fig. 71, ] and Supple-
mental Fig. S6C). The results of the CCK8 and clone formation
assays further indicated that the supernatant of HMC-1 cells stim-
ulated by PC-EVs promoted the growth of PC cells, and the results
were more significant after OE-EVs stimulation (Fig. 7K and L).

The clinical significance of CHMP4C in human PC tissues

To validate the function of CHMPA4C and assess its clinical signif-
icance, we analyzed the expression levels of CHMP4C, p-MLKL and
MCs marker (CD117) on a PC tissue microarray using multiplex
immunofluorescence staining. A total of 83 pairs of cases, including
PAAD and normal tissues, were used for analysis, excluding cases
with inadequate fixation, poor handling, or insufficient clinical
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cells after treatment with TSZ in the absence or presence of GW4869 (20 uM) for 24 h. (G) Hoechst 33342/PI double staining showed PI uptake of control and CHMP4C-
overexpressing PANC-1/BxPC3 cells after treatment with TSZ in the absence or presence of GW4869 (20 pM) for 24 h. Kruskal-Wallis test, *P < 0.05; **P < 0.01; ***P < 0.001.

Data are presented as mean + SD.

data. As shown in Fig. 8A, CHMP4C was significantly elevated in PC
tissues compared to normal controls. And, 63.9 % (53/83) cases
showed upregulated in tumor tissues (Fig. 8B).

Correlation analysis revealed a significant negative relationship
between the levels of CHMP4C and p-MLKL proteins (Fig. 8C).
Moreover, p-MLKL in the CHMP4C overexpression group was
mainly distributed in the cytoplasm, while p-MLKL in the low-
level CHMP4C group was localized in the cell membrane (Supple-
mental Fig. S7A). Consistent with the chemotactic migration
experiment, tumor tissues overexpressing CHMP4C were accom-
panied by increased MCs infiltration (Fig. 8D and Supplemental
Fig. S7B). Contrary to the lack expression of CHMP4C in MC line,
HMC-1, we observed the expression of CHMP4C in MCs of PC tis-
sues, thereby suggesting the CHMP4C expressed in MCs cell might
mainly come from the EVs released from PC cells (Fig. 8E).

The relationship between CHMP4C expression and clinico-
pathologic characteristics were shown in Table 1. PC patients with
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poor differentiation or multiple lesions had high expression of
CHMP4C. The Kaplan-Meier survival analysis indicated that
patients exhibiting elevated levels of CHMP4C had poorer OS
(Fig. 8F). Similarly, additional analysis of data from the TCGA and
GTEXx databases confirmed that high CHMP4C expression correlates
with unfavorable patient prognosis (Supplemental Fig. S7C). Addi-
tionally, an increase in the infiltration of MCs suggested lower sur-
vival (Fig. 8G).

Discussion

The delineation of specific gene expression signatures associ-
ated with PC enhances comprehension of the molecular mecha-
nisms underlying its pathogenesis and progression. In the
present study, we describe novel evidence demonstrating that
CHMPAC is upregulated in PC tissues resulting in its promotion
of tumorigenesis. We revealed a crucial role for CHMP4C in reg-
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promotes EVs secretion to facilitate pancreatic cancer progression.

ulating necroptosis in vitro and in vivo. Interestingly, CHMP4C
also contributes to the formation of EVs to further inhibit
necroptosis. Additionally, EVs-packaged CHMP4C derived from
PC cells was shown to influence the migration of mast cells

within the immune microenvironment, leading to the secretion
of proinflammatory factors that further promote PC growth.
Finally, our results showed CHMP4C could be as a prognostic

predictor for PC.
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Table 1
Correlation between CHMP4C expressions and clinicopathological parameters.
Clinical variables Cases CHMPA4C Expression x2 P value
Low (41) High (42)

Gender
Female 51 26 (51.0 %) 25 (49.0 %) 0.133 0.716
Male 32 15 (46.9 %) 17 (53.1 %)

Age (years)
<60 40 20 (50.0 %) 20 (50.0 %) 0.011 0916
> 60 43 21 (48.8 %) 22 (51.2 %)

Tumor size
<4cm 43 22 (51.2 %) (48.8 %) 0.111 0.739
>4 cm 40 19 (47.5 %) (52.5 %)

Differentiation
Well-Moderate 47 29 (59.6 %) 19 (40.4 %) 4.490 0.034*
Poor 36 13 (36.1 %) 23 (63.9 %)

T stage
T1-T2 42 19 (45.2 %) 23 (54.8 %) 0.589 0.443
T3-T4 41 22 (53.7 %) 19 (46.3 %)

Lymph nodes metastasis
No 31 15 (48.4 %) 16 (51.6 %) 0.020 0.887
Yes 52 26 (50.0 %) 26 (50.0 %)

Distant metastasis
No 61 28 (45.9 %) 33 (54.1 %) 1.125 0.289
Yes 22 13 (59.1 %) 9 (409 %)

TNM stage
I-11 50 22 (44.0 %) 28 (56.0 %) 1.466 0.226
m-1v 33 19 (57.6 %) 14 (42.4 %)

Lesions
Single lesion 44 29 (65.9 %) 15 (34.1 %) 5.083 0.024*
Multiple lesions 13 4 (30.8 %) 9 (69.2 %)

P value was estimated by a 2 test. * represents P values smaller than 0.05.

Tumor cells that resist apoptosis might become more suscepti-
ble to necroptosis when specific components of the apoptotic path-
way are inhibited. Consequently, necroptosis may be regarded as a
viable alternative mechanism of cell death to circumvent resis-
tance to apoptosis [39]. Chen et al. [40] reported reducing CHMP4C
clearly suppressed the proliferation and metastasis capabilities of
PC cells. However, the underlying mechanism of CHMP4C in PC is
still unclear. In the present study, our findings demonstrated that
CHMP4C promoted PC cells growth through suppression of necrop-
tosis in both in vivo and in vitro settings. And, knockdown of
CHMPA4C induced the RIPK1/RIPK3/MLKL necroptosis of PC cells
and inhibited the tumor proliferation. These findings were similar
to the research studied by Lin et al. that TRAF6 promoted colorectal
tumor growth primarily through inhibiting necroptosis [28]. Thus,
targeting CHMP4C may be a useful therapeutic strategy for induc-
ing necroptosis of PC.

Caspase-8 plays a crucial role in regulating both necroptosis and
apoptosis by cleaving or inactivating RIPK1 and RIPK3, triggering
the pro-apoptotic caspase cascade [41]. In the absence of func-
tional caspase-8, cells switch from the apoptosis to the necroptosis
[42]. Mechanistically, caspase-8 deficiency triggers autophospho-
rylation of RIPK1 at Ser166 and facilitates its interaction with
RIPK3 through the RIP homology interaction motif (RHIM) struc-
tural domain, resulting in the phosphorylation of RIPK3 at
Ser358. Subsequently, activated RIPK3 promotes the recruitment
and phosphorylation of MLKL to form the necrosome (complex
IIb) [43,44]. Our findings demonstrated that elevated levels of
CHMP4C correlate with upregulation of caspase-8, whereas
decreased levels of CHMP4C had the opposite effect. Subsequent
investigation revealed that the modulation of caspase-8 mRNA sta-
bility by CHMPAC is contingent upon the presence of YBX1. Previ-
ous studies have demonstrated that YBX1 functions as an RNA
binding protein capable of serving as an m°C reader, it is a critical
component in the regulation of mRNA stability facilitated by the
RNA methyltransferase NSUN2 [36,45]. Similarly, our findings
revealed that YBX1 stabilized caspase-8 mRNA in m°C
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modification-dependent manner, further underscoring its central
role in mRNA stability regulation. Additionally, the depletion of
CHMPA4C hindered the interaction between YBX1 and caspase-8
mRNA, consequently impeding the regulatory role of YBX1 and
resulting in reduced m>C methylation and stability of caspase-8
mRNA. For the first time, the present study has demonstrated, that
CHMPAC interacts with YBX1 to stabilize caspase-8 mRNA through
m°C modification, subsequently resulting in the inhibition of the
RIPK1/RIPK3/MLKL signaling cascade.

Recent studies have reported that extracellular vesicles trans-
port various molecules from cancer cells, many of which are tumor
suppressing molecules that can be selectively encapsulated into
the extracellular vesicles and released, thereby enhancing the
malignant phenotype of cancer cells [46]. MLKL serves as the effec-
tor of necroptosis, and oligomeric MLKL exhibits movement and
localization to the cell membrane, where it helps to form holes
in the cell membrane by binding to phosphatidylinositol phos-
phate, resulting in the disruption of membrane integrity [47].
Additionally, MLKL interacts with ion channels or potentiates the
assembly of cation channels, enhancing Ca®*, Na*, and K" influx
and increasing cell membrane permeability, ultimately culminat-
ing in necroptosis [48]. In present study, we uncovered that
CHMP4C promoted EVs release, increased the efflux of p-MLKL,
and further inhibited necroptosis. After treatment with exosome
inhibitor GW4869, the expression of intracellular MLKL and p-
MLKL were restored and necroptosis was more likely to occur. An
earlier study is reported that ESCRT-III is not only involved in MVBs
formation, but also participates in the repair of plasma membrane
damage induced by MLKL activation during necroptosis [49]. As
CHMPAC is one of the components of ESCRT-III, we hypothesize
that the EVs play a crucial role in CHMP4C —regulated necroptosis.

Our finding suggests that CHMP4C in infiltrating mast cells
might originate from EVs secreted by PC cells. Meanwhile, our
results showed that tumor tissues with high levels of expression
of CHMPA4C display greater numbers of infiltrating MCs, indicating
the significance of mast cells in the immune microenvironment of
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PC with elevated CHMP4C expression. Bergot et al. [50] found that
CCL2 and CCL5 could recruit MCs and thus contributed to an
immunosuppressive environment. Meanwhile, CCL5-mediated
MCs infiltration promoted the progression of clear cell renal cell
carcinoma and was associated with poor patient prognosis [51].
Together with CCL2 and CCL5, continuous stimulation by SCF pro-
moted the accumulation of MCs and facilitated chronic inflamma-
tion towards cancer [52]. Similarly, our study further supports this
by demonstrating that CHMP4C increased the expression and
secretion of CCL2, CCL5 and SCF to recruit MCs for infiltration.
Moreover, we confirmed MCs could release VEGF, TGF-B, IL-6,
and IL-8 after phagocytosing EVs, promoting PC cell growth, simi-
lar to some findings in other cancers [52-54]. Currently, there is
limited research regarding the relationship between necroptosis
and immune microenvironment in PC. A recent study reported
MLKL-driven necroptosis recruited and activated macrophage,
and facilitates PC metastasis by evading immune surveillance
[55], while our results realized CHMP4C induced necroptosis inhi-
bition was association with recruitment and activation of MCs,
which contributed to PC progression. Therefore, the necroptosis
of PC cells may affect the immune microenvironment in different
ways.

Conclusion

This study indicates that CHMP4C and its downstream signaling
molecules play a key role in inhibiting necroptosis and facilitating
subsequent PC progression. The mechanism by which CHMP4C
regulates necroptosis may be regarded as follows: on the one hand,
CHMP4C enhances the stability of caspase-8 mRNA by binding to
YBX1, inhibiting the phosphorylation of the RIPK1/RIPK3/MLKL
pathway, antagonizing necroptosis and promoting the progression
of pancreatic cancer; on the other hand, CHMPA4C further enhances
its negative regulatory effect on necroptosis by mediating the
excretion of p-MLKL from extracellular vesicles. In addition, the
EVs-packaged CHMPA4C derived from PC cells can modulate the
recruitment of MCs in the immune microenvironment and stimu-
late MCs to release proinflammatory factors that in turn promote
the growth of PC cells. These mechanisms are summarized in
Fig. 8H. Accordingly, our study provides novel insights into the
function of CHMP4C and the mechanisms underlying necroptosis.
Moreover, these findings highlight that CHMP4C has potential as
a biomarker and therapeutic target in PC.
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